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SUMMARY 


1 — ^ 

lx  Thermal  performance  data  were  obtained  for  low-density  phenolic- nylon  and 
low-density  silicone  resin  in  the  2500-kilowatt  arc  Jet  at  the  Langley  Research 
Center  over  a  range  of  heating  rates  from  10  to  242  Btu/ft^-sec  ( 0.113  to 
2.75  MW/m^)  and  a  range  of  aerodynamic  shear  stresses  from  0  to  7.2  lb /ft 2  (O  to 
544  N/m2)  at  Jet-stream  oxygen  concentrations  ranging  from  0  to  23  percent. 

With  use  of  these  data^  analyses  were  made  of  the  relative  effect  of  environ¬ 
mental  parameters  such  as  heating  rate,  free- stream  oxygen  concentration,  stag¬ 
nation  enthalpy,  and  aerodynamic  shear  stress  on  the  performance  of  these 
materials .  '1 

Principal  conclusions  resulting  from  this  study  include  (l)  In  a  low- oxygen- 
content  stream  of  the  2500-kilowatt  Jet,  the  performance  of  low-density  silicone 
resin  is  superior  to  that  of  low-density  phenolic- nylon  at  heating  rates  ranging 
from  80  to  150  Btu/ft^-sec  (0.9I  to  I.70  MW/m^)  and  at  shear  stresses  near 
4.7  lb/ft2  (225  W/m^);  however,  at  heating  rates  outside  this  range,  low-density 
phenolic-nylon  is  superior  to  low-density  silicone  resin.  (2)  Low-density  sil¬ 
icone  resin  is  highly  sensitive  to  the  combined  effects  of  surface  temperature 
and  aerodynamic  shear;  thus,  a  drastic  reduction  in  performance  occurs  for 
heating  rates  above  I5O  Btu/ft^-sec  (I.70  MW/m^).  However,  increasing  the 
heating  rate  up  to  242  Btu/ft^-sec  (2.75  MW/m2)  and  the  shear  stress  up  to 
7.2  Ih/ft^  (344  N/m2),  which  was  the  most  severe  condition  obtained,  resulted 
in  a  continuing  increase  in  the  perfoimance  of  phenolic- nylon.  (3)  Low-density 
phenolic- nylon  is  highly  sensitive  to  oxygen  in  the  jet  stream  at  all  heating 
rates  investigated,  whereas  low-density  silicone  resin  is  not  affected  by  this 
factor  except,  possibly,  at  heating  rates  above  I50  Btu/ft2-sec  (I.70  MW/m2). 


INTRODUCTION 


The  Langley  Research  Center  has  a  continuing  program  to  evaluate  the  effec¬ 
tiveness  of  prospective  reentry  heat- shield  materials.  The  initial  step  in 
the  evaluation  of  such  materials  consists  of  subjecting  them  to  a  standard 


screening  test»  Under  this  test  a  material  is  investigated  at  convective 
heating  rates  ranging  from  100  to  110  Btu/ft 2-sec  (I.I3  to  1.25  MW/m^)  in  an  air 
environment  until  a  specified  hack- surface  temperature  is  reached.  The  time 
required  for  a  material  to  reach  the  specified  temperature  is  used  as  a  measure 
of  its  thermal  effectiveness.  Based  on  the  resulting  data^  the  materials  pro¬ 
viding  the  higher  values  of  thermal  effectiveness  are  selected  for  further 
investigation . 

Recent  data  obtained  in  a  screening  program  indicated  that  a  low-density 
silicone  resin  supported  by  a  honeycomb  core  has  a  superior  performance.  The 
residue  of  this  type  of  material  is  primarily  siliceous;  hence,  it  is  not  as 
prone  to  oxidation  as  those  materials  which  form  carbonaceous  chars.  An  engi¬ 
neering  analysis  of  the  simulation  of  flight  oxidation  conditions  in  ground 
facilities,  which  was  made  at  the  Langley  Research  Center,  has  indicated  that 
low-enthalpy  air  environments,  such  as  were  used  in  the  screening  tests,  cause 
more  oxidation  than  flight  conditions.  This  greater  oxidation  results  from  the 
fact  that  low-enthalpy  facilities  require  a  much  higher  mass  flow  rate  to  give 
a  certain  heating  rate  than  is  encountered  on  reentry  to  the  earth’s  atmosphere. 
Under  screening  test  conditions,  materials  with  siliceous  residues  appear  to  be 
superior  to  those  with  carbonaceous  residues,  which  are  more  susceptible  to 
oxidation.  However,  this  may  not  be  the  case  in  an  environment  more  nearly 
simulating  the  flight  environment.  Since  a  melt  phase  is  present  with  the  sili- 
;ceous  residue,  the  performance  of  this  material  might  be  adversely  affected  by 
other  conditions  of  heating  rate,  enthalpy,  and  aerodynamic  shear. 

The  project  reported  herein  was  undertaken  to  investigate  the  relative 
effects  of  such  environmental  parameters  as  free-stream  oxygen  concentration, 
stagnation  enthalpy,  aerodynamic  shear,  and  cold-wall  heat-transfer  rate  on  the 
perfoimance  of  low-density  elastomeric  ablators  and  low-density  charring  com¬ 
posite  ablators.  The  materials  investigated  were  a  low-density  silicone  resin 
and  a  low-density  phenolic- nylon  material - 

Low-density  phenolic- nylon  was  chosen  as  the  reference  material  with  which 
to  con^are  low-density  silicone  resin.  It  was  selected  as  being  representative 
of  low-density  carbonaceous  charring  ablators. 


SYMBOLS 


section  are 
System  of  Units 
explaining  the 

A  area,  ft^  (m^) 

C  free-stream  oxygen  concentration,  percent 

Cf  skin-friction  coefficient 


The  units  used  for  the  physical  quantities  defined  in  this 
given  in  both  the  U.S.  customary  units  and  in  the  International 
(si).  (See  ref.  1.)  Appendix  A  is  included  for  the  purpose  of 
relationships  between  these  two  systems  of  units. 
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E 

H 

h 

A(02) 


Npr 

Nst 


Pd 


specific  heat  at  constant  pressure^  Btu/lb-°R  (j/kg-®K) 
effectiveness  of  ablation  material,  Btu/lb  (j/kg) 


enthalpy,  Btu/lb  (j/kg) 

coefficient  of  heat  transfer,  Btu/ft^-sec-°R  (w/m^-^K) 


oxygen  mass  transfer  through  boundary  layer  to  surface, 
Ib/ft^-sec  (kg/m^-s) 


C4 


Prandtl  number,  -f— 
k 

“L 

Stanton  number.  — = — 
c  pV 

dynamic  pressure,  Ib/ft^  (N/m^) 


4  cold-wall  heat-transfer  rate,  Btu/ft^-sec  (w/m^) 

T  te]i5)erature,  ^  (^) 

t  time,  sec  (s) 

V  velocity,  ft/sec  (m/s) 

W  mass  flow,  Ib/sec  (kg/s) 

w  specimen  weight  per  unit  area,  Ib/ft^  (kg/m^) 

p  density,  lb/ft5  (kg/m3) 

p  viscosity,  Ib/ft-sec  (N-s/m^) 

T  aerodynamic  shear  stress,  Ib/ft^  (N/m^) 

Subscripts: 

av  average 

e  experimental 

p  predicted 

w  wall 
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00 


free  stream 


500  state  when  hack:- surface  temperature  rise  equals  F  (167^  K) 


TEST  FACILin  AED  MATERIALS 


Test  Facility 

The  res\ilts  reported  in  this  paper  were  obtained  in  the  2500-kilowatt  arc 
jet  at  the  Langley  Research  Center.  For  this  investigation^  a  subsonic  nozzle 
was  fitted  to  the  jet^  which  is  shown  in  figure  1  and  described  in  reference  2. 
This  facility  has  provisions  for  varying  the  mass  flow  per  unit  area^  chemical 
composition  of  the  test  stream^  and  power  input  to  the  arc  electrodes.  The 
stream  enthalpy  is  controlled  by  varying  the  power  input  to  the  electrodes 
and/or  the  stream  mass  flow. 


Materials 

The  materials  evaluated  were  a  honeycomb- supported  low-density  silicone 
resin  and  a  low-density  phenolic- nylon.  The  density  of  the  silicone  resin  was 
55  lb/ft5  (880  kg/m3).  The  honeycomb  support  in  the  silicone  resin  had  3/16- 
inch  (4.76-mm)  hexagonal  cells  and  was  made  from  a  phenolic-glass  material. 

The  low-density  phenolic- nylon^  which  has  a  density  of  about  36  lb/ft3 
(576  kg/mg3)^  has  the  following  composition  by  weight: 

(a)  23-percent  phenolic  resin 

(b)  47-percent  nylon 

(c)  25-percent  hollow  phenolic  microspheres 

(d)  5~percent  hollow  silica  microspheres 

These  materials  were  fabricated  into  specimens  3  inches  in  diameter  and  of 

such  thickness  that  their  weights  per  unit  area  were  3  Ib/ft^  (l4.7  kg/m^). 

Each  specimen  was  bonded  to  a  brass  support  ring.  A  copper  calorimeter^  which 
has  a  thickness  of  I/8  inch  (O.32  cm)  and  a  diameter  of  l/2  inch  (1.27  cm)  and 
is  surrounded  by  a  copper  guard  ring  having  a  thickness  of  I/8  inch  (0.32  cm)^ 
was  attached  to  the  back  surface  as  illustrated  in  figure  2.  Two  thermocouples 
were  attached  to  the  calorimeter  to  monitor  the  back-surface  temperature. 


TEST  CONDITIONS  AJTD  PROCEDURE 


Test  Conditions 

Test  variables  included  oxygen  concentration^  enthalpy^  mass  flow  per  unit 
area^  power  input  to  the  arc  jet,  shear  stress  on  the  specimen  surface,  and 
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cold-wall  heat-transfer  rate.  Controlled  variables  were  rate  of  cold-wall  heat 
transfer  to  the  specimen^  which  was  varied  from  10  to  242  Btu/ft^-sec  (O.llJ 

to  2.75  MW/m^),  and  oxygen  concentration  of  the  test  stream^  which  was  varied 
from  0  to  25  percent.  Changes  in  the  heat-transfer  rate  were  effected  by 
regulating  the  test -stream  mass  flow  rate  and  enthalpy  and  the  power  input  to 
the  arc  Jet.  The  mass  flow  rate  ranged  from  0.2  to  I6  Ib/ft^-sec  (O.97  to 
78  3sg/m^-sec);  enthalpy,  1675  to  4000  Btu/lb  (3*88  to  9-28  MJ/kg)j  and  shear 
stress,  0  to  7.2  Ib/ft^  (O  to  344  N/m^). 


Test  Procedure 

In  order  to  obtain  a  given  heating  rate,  the  mass  flow  per  unit  area  was 
selected  so  that  heating  rates  near  the  desired  value  would  resultj  then,  by 
adjusting  the  electrical  power  input  to  the  Jet,  the  heating  rate  was  adjusted 
to  the  desired  value.  Changing  the  power  input  results  in  changes  in  the  test- 
stream  enthalpy.  Heat-transfer  rate  was  measured  by  a  continuous- acting  3/8- 
Inch-diameter  (0.953-cm)  calorimeter  (described  in  ref.  2),  which  had  previously 
been  calibrated  by  a  calorimeter  with  the  same  geometry  as  that  of  the  specimens 
tested. 

Oxygen  content  of  the  test  stream  was  controlled  by  regulating  the  relative 
amounts  of  nitrogen  and  air  entering  the  arc  chamber  of  the  Jet.  Tests  were 
conducted  for  oxygen  concentrations  of  0,  3^  23  percent.  An  analysis 

made  at  the  Langley  Research  Center  indicates  that  the  effects  on  the  test  spec¬ 
imen  in  the  2500-kilowatt  Jet  stream  with  a  reduced  oxygen  content  more  nearly 
simulate  reentry  char  oxidation  than  do  the  effects  in  a  Jet  stream  with  a 
greater  oxygen  content;  hence,  more  tests  were  conducted  at  an  oxygen  concentra¬ 
tion  of  3  percent  than  at  other  concentrations.  This  result  was  established 
from  the  fact  that  simulation  of  char- layer  oxidation  is  accomplished  by 
adjusting  the  test-stream  oxygen  content  to  equal  the  product  of  flight  oxygen 
content  and  the  ratio  of  test- stream  enthalpy  to  flight  enthalpy. 

The  shear  stresses  acting  on  the  exposed  surfaces  were  calculated  from  a 
theoretical  relationship  presented  in  appendix  B.  These  values  of  shear  stress 
are  reference  values  and  are  not  to  be  taken  as  absolute. 

Values  of  stream  enthalpy  were  obtained  from  calibration  data  for  the 
2500-kilowatt  arc  Jet.  These  calibration  enthalpies  were  obtained  from  the  free- 
stream  temperature,  which  was  measured  by  the  atomic-line  intensity- ratio  method 
by  using  the  electronic  excitation  spectrum  of  copper  that  appears  in  the  gas 
from  the  small  contamination  caused  by  the  electrodes.  This  method  of  gas  tem¬ 
perature  measurement  is  discussed  in  reference  3*  A  simple  medium  glass  spectro¬ 
graph  was  used  in  conjunction  with  a  photoelectric  readout  system  for  recording 

the  intensity  ratio  of  the  copper  lines  at  5155  ^  5700  By  assuming  ther¬ 

modynamic  equilibrium,  the  temperature  becomes  a  function  of  this  intensity 
ratio. 

Lata  recorded  during  these  tests  include  specimen  back-surface  t^perature 
history,  cold-wall  heating  rate,  still  photographs  of  the  specimen  after 
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exposure,  and  motion  pictures  of  the  specimen  during  exposure.  Both  the  back- 
surface  tenperature  and  the  heating  rate  vere  recorded  on  an  oscillograph.  Still 
photographs  of  the  specimens  after  exposure  were  obtained  with  a  70-millimeter 
camera.  Motion  pictures  of  the  tests  were  provided  through  use  of  a 
l6-millimeter  camera  with  color  film. 

Each  of  the  specimens  for  this  project  was  exposed  to  the  test  stream  until 
the  oscillograph  indicated  a  back-surface  temperature  rise  of  F  (167^  K). 


RESULTS  AKD  DISCUSSION 


Tables  I  and  II  present  summaries  of  the  test  conditions  and  results  for 
the  low-density  phenolic- nylon  and  low-density  silicone  resin,  respectively. 

Figure  5  presents  back- surface  temperature  histories  for  low-density 
phenolic- nylon  and  low-density  silicone  resin  investigated  in  air  and  nitrogen 
at  the  maximum  and  minimum  heating  rates  obtained.  Note  the  large  decrease  in 
exposure  time  for  both  materials  in  air  at  the  high  heating  rate  as  compared 
with  the  time  for  the  same  materials  in  nitrogen. 


The  performance  of  these  materials  was  judged  by  the  general  appearance  of 
the  specimens  after  exposure  to  the  test  stream  and  by  a  performance  factor 
known  as  the  effectiveness  and  defined  as 


E  =  qt/v 


Low-Density  Phenolic -Nylon 

Figure  k  presents  data  obtained  for  phenolic- nylon  for  a  range  of  heating 
rates  from  82  to  2k2  Btu/ft^-sec  (0.95  to  2.75  MW/m2),  This  figure  illustrates 
the  dependence  of  effectiveness  upon  heating  rate  and  oxygen  concentration.  The 
effectiveness  increases  with  heating  rate  and  decreases  with  increases  in  oxygen 
concentration  at  a  given  heating  rate.  The  effect  of  increasing  the  rate  of 
heat  transfer  to  a  phenolic-nylon  ablative  surface  exposed  to  a  stream  with  a 
low  oxygen  content  is  an  increase  in  the  teirperature  of  the  exposed  surface  and, 
thus,  an  increase  in  the  quantity  of  heat  radiated  from  the  surface.  The 
heating  rate  was  increased  at  a  given  mass  flow  rate  by  elevating  the  stream 
enthalpy,  which  increases  the  energy  blockage  effect  of  pyrolysis  gases  flowing 
through  the  char  into  the  boundary  layer.  The  combined  results  of  the  increased 
radiation  of  energy  by  the  surface  and  the  greater  amounts  of  energy  blocked  by 
the  pyrolysis  gases  entering  the  boundary  layer  as  the  rate  of  heat  transfer  to 
the  specimen  is  increased  account  for  the  increase  in  effectiveness  with  heating 
rate  shown  in  figures  4  and  5* 

Oxygen  in  the  test  stream  results  in  oxidation  of  the  char  layer,  which 
serves  as  a  shield  for  the  uncharred  material.  This  combustion  of  the  char 
layer  results  in  an  additional  transfer  of  energy  to  the  ablator  (ref.  4);  thus, 
its  effectiveness  at  a  given  cold-wall  heat-transfer  rate  is  reduced.  Char 
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loss  due  10  oxidation  in  streams  of  low  oxygen  content  is  a  diffusion-controlled 
process  whereby  all  oxygen  reaching  the  char  surface  is  consumed  by  the  chemical 
process  of  oxidation.  Under  this  condition  an  increase  in  the  stream  oxygen 
content  results  in  a  similar  increase  in  the  char  oxidation  rate.  In  streams 
of  higher  oxygen  content  the  system  nears  saturation  with  oxygen  and  the  char 
loss  rate  due  to  oxidation  is  a  reaction- rate- controlled  process,  the  rate  of 
which  is  highly  dependent  upon  the  char  surface  temperature. 

As  indicated  previously,  more  investigations  were  made  with  oxygen  concen¬ 
trations  of  5  percent  than  with  other  concentrations.  Figure  5  gives  the  results 
of  these  investigations  for  low-density  phenolic- nylon.  It  should  be  reiterated 
that  a  specific  heating  rate  is  obtained  for  a  given  mass  flow  by  altering  the 
power  input  to  the  jet.  Such  changes  in  the  power  input  result  in  changes  in 
the  enthalpy  of  the  jet  stream.  Hence,  the  combined  effects  of  heating  rate, 
enthalpy,  aerodynamic  shear,  and  oxidation  are  presented  in  figure  5* 

In  an  effort  to  correlate  a  relationship  between  the  variables  of  effec¬ 
tiveness,  heating  rate,  free- stream  enthalpy,  aerodynamic  shear  stress,  and 
oxidation  as  related  to  low-density  phenolic-nylon,  a  multiple  linear  regression 
analysis  was  made  by  using  the  data  obtained  for  phenolic-nylon. 

Briefly,  a  multiple  linear  regression  analysis  consists  of  assuming  a 
relationship  between  the  parameters  of  concern.  For  this  case  the  assumed  rela¬ 
tionship  between  the  parameters  is 

Ep  =  aH  +  b4  +  cm(02)  +  dr  +  e  (l) 


where  a,  b,  c,  d,  and  e  are  coefficients  to  be  determined.  The  error  in 
this  assiimption  is  given  by 

A  =  Ee  -  Ep  =  Ee  -  (aH  +  bq  +  cm(02)  +  dr  +  e^  (2) 

Squaring  A,  summing  over  all  data  points,  and  differentiating  partially 
with  respect  to  the  coefficient  a  gives 


^  V  A^  =  /  •^(®e  -  aH  -  b4  -  cm(02)  -  dr  -  e) 

^  Z-i  l—i  |_^  ^  ' 

4h  -  c  ^  m(02)H  -  ^  ®  ^  ® j 


(5) 


Setting  this  derivative  equal  to  zero  gives  the  minimum  sum  of  squared 
errors;  thus. 


^HEe=a^H2+b  ^  qH  +  c  ^  ni(02)H  +  d^TH  +  e^H 
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Similarly,  taking  the  partial  derivatives  with  respect  to  b,  c,  d, 
and  e  and  setting  each  result  eq.ual  to  zero  yields  four  more  equations. 

Solving  these  five  equations  for  a,  b,  c,  d,  and  e  and  substituting  into 
equation  (l)  gives 

Ep  =  0.92H  +  474  -  561+,00(^(02)  -  578t  +  57^0  (5) 

Equation  (5)  indicates  an  increase  in  predicted  effectiveness  with  any 
increase  in  stream  enthalpy  or  heating  rate  and  a  decrease  in  predicted  effec¬ 
tiveness  -with  any  increase  in  oxygen  mass  transfer  to  the  material  surface  or 
aerodynamic  shear  stress.  In  order  to  interpret  this  equation,  some  knowledge 
of  the  magnitude  of  each  variable  term  to  the  right  of  the  equal  sign  relative 
to  the  constant  57^0  Btu/lb  (13*3  Mj/kg)  must  be  known. 

The  ranges  of  the  environmental  variables  for  phenolic- nylon,  which  are 
given  in  table  I,  are:  enthalpy,  I675  to  4000  Btu/lb  (3.89  to  9.28  MJ/kg); 
heating  rate,  39  "to  242  Btu/ft^-sec  (0.44  to  2.75  MW/m^);  oxygen  mass  transfer 
to  the  material  surface,  0  to  O.OI55  Ib/ft^-sec  (O  to  0.075  kg/m^-s);  and  aero¬ 
dynamic  shear  stress,  0  to  7.2  lb/ft2  (0  to  344  N/m^) .  These  ranges  give 
variable-term  ranges  of:  enthalpy  term,  1540  to  3880  Btu/lb  (3*57  to 
8.53  Mj/kg);  heating-rate  term,  I83O  to  11,380  Btu/lb  (4.25  to  26.4  Mj/kg); 
oxygen-mass-transfer  term,  0  to  -859O  Btu/lb  (O  to  -I9.9  Mj/kg);  and  aerodynamic- 
shear-stress  term,  0  to  -2720  Btu/lb  (O  to  -6. 30  MJ/kg).  A  comparison  of  these 
numbers  with  each  other  and  with  the  constant  5740  Btu/lb  (13.3  MJ/kg)  indicates 
that  low-density  phenolic -nylon  is  far  less  sensitive  to  the  effects  of  aero¬ 
dynamic  shear  stress  than  to  the  effects  of  oxidation  -  in  each  case  these 
effects  are  negative.  Both  test- stream  enthalpy  and  heating  rate  have  positive 
effects  on  the  effectiveness  of  low-density  phenolic-nylon;  however,  heating 
rate  is  a  much  more  significant  factor  than  enthalpy. 

Figures  6  to  11  are  photographs  of  the  low-density  phenolic- nylon  specimens. 
Points  observed  from  viewing  motion  pictures,  taken  during  the  investigations, 
and  specimen  remains  include  (l)  Investigations  in  nitrogen  at  high  total  mass 
flow  rates  showed  no  erosion  of  the  specimen  surface;  whereas,  with  some  oxygen 
in  the  test  stream,  varying  degrees  of  spalling  and  apparent  flowing  and  bubbling 
of  the  exposed  surface  occurred,  depending  upon  the  amount  of  oxygen  present. 
Thus,  a  more  pitted  and  rougher  surface  resiilted  in  test  streams  containing  some 
oxygen  than  in  nonoxidizing  environments.  (Figs.  6  and  7  show  some  decrease  in 
specimen  dimensions  for  investigations  in  nitrogen,  but  this  decrease  is  attrib¬ 
uted  to  shrinkage  of  the  char  after  pyrolysis.)  (2)  Large  variations  in  oxygen 
mass  flow  per  unit  area  result  in  appreciable  changes  in  stagnation-point  reces¬ 
sion  and  char  thickness. 

It  is  believed  that  the  apparent  flowing  and  bubbling  of  the  exposed 
phenolic-nylon  surfaces  was  actually  glowing  bubbles  of  oxidation  and  pyrolysis 
products  (some  of  which  may  still  be  undergoing  chemical  reactions)  entering 
the  stream  from  the  specimen  surface.  Severe  oxidation  results  in  rough,  pitted, 
and  structurally  weak  surfaces  which  are  more  susceptible  to  spalling.  The 
observations  enumerated  in  the  previous  paragraph  together  with  the  results  from 
the  regression  analysis  indicate  that  shear  levels  of  the  magnitude  experienced 
do  not  severely  affect  the  behavior  of  low-density  phenolic-nylon. 
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Figure  12  shows  the  effectiveness  of  phenolic-nylon  as  a  function  of  oxygen 
concentration  for  a  constant  heating  rate  of  120  Btu/ft^-sec  (I.36  at 

values  of  mass  flow  per  unit  area  of  k-  and  I6  Ib/ft^-sec  (19*^  and  78  kg/m^-sec)^ 
which  result  in  radically  different  values  of  enthalpy^  shear,  and  oxygen  mass 
flow  per  unit  area.  These  plots  were  obtained  by  cross-plotting  data  from  plots 
of  the  effectiveness  as  a  function  of  heating  rate.  It  was  shown  previously 
that  the  effects  of  shear  are  not  severe  for  this  investigation;  hence,  the  dif¬ 
ference  in  effectiveness  for  the  two  mass  flows  at  a  given  oxygen  concentration 
results  primarily  from  the  combined  effects  of  the  different  values  of  enthalpy 
and  oxygen  mass  transfer  to  the  specimen  surface.  These  effects  seem  to  be 
similar  throughout  the  range  of  oxygen  concentrations  as  evidenced  by  the  near 
parallelism  of  the  two  curves.  The  higher  enthalpy  and  lower  oxygen-mass- 
transfer  rate  for  the  upper  curve  are  more  conducive  to  high  performance  than 
are  the  conditions  for  the  lower  curve.  Note  the  large  difference  in  effective¬ 
ness  even  at  an  oxygen  concentration  of  23  percent;  this  difference  results 
from  the  greater  protection  provided  by  the  thicker  char  layer  at  a  mass  flow 

per  unit  area  of  4  Ib/ft^-sec  (19.4  kg/m^-sec)  and  the  larger  amounts  of  heat 
blocked  by  pyrolysis  gases  entering  the  boundary  layer  as  discussed  previously. 

It  is  significant  that  low-density  phenolic- nylon  suffers  a  greater  loss 
in  effectiveness  with  increases  in  oxygen  content  of  the  stream  at  concentra¬ 
tions  below  10  percent  than  at  values  above  10  percent.  For  streams  with  low 
oxygen  content,  oxidation  of  the  char  surface  occurs  at  such  a  rate  that  no  sur¬ 
plus  oxygen  is  present;  hence,  an  increase  in  oxygen  content  results  in  a  similar 
increase  in  char  oxidation.  However,  as  the  oxygen  content  increases  the  system 
approaches  a  point  where  a  surplus  of  oxygen  is  present  and  the  oxidation  rate 
depends  on  the  temperature  of  the  char  surface. 


Low-Density  Silicone  Resin 

Effectiveness  plots  for  low-density  silicone  resin  are  presented  in  fig¬ 
ure  13  for  four  oxygen  concentrations  ranging  from  0  to  23  percent.  The  most 
obvious  feature  shown  is  the  high  degree  of  conformity  in  performance  for  all 
stream  00115)0  sit  ions  at  heating  rates  less  than  I50  Btu/ft^-sec  (I.70  MW/m^). 

This  conformity  is  to  be  expected  since  maximum  chemical  and  thermal  shielding 
of  the  char  layer  is  obtained  from  the  molten  glass  layer  which  is  quite  viscous 
at  temperatures  in  this  heating- rate  range.  Another  significant  point  illus¬ 
trated  in  figure  13  is  the  sharp  drop  in  effectiveness  for  heating  rates  above 

150  Btu/ft^-sec  (1.70  MW/m^).  This  decrease  in  performance  results  from  loss 
of  shielding  caused  by  flow-off  of  the  molten  glass  at  high  temperatures  and 
shear  stresses.  There  is  no  evidence  that  oxygen  concentration  affects  the  per¬ 
formance  of  low-density  silicone  resin  except,  possibly,  for  heating  rates  above 

150  Btu/ft^-sec  (1.70  MW/m^),  and  this  variation  of  performance  could  be  due  to 
scatter  in  the  data. 

Motion  pictures  taken  during  the  investigation  of  the  low-density  silicone 
resin  indicate  that  the  shear  levels  obtained  at  high  total-mass- flow  and  heating 
rates  were  sufficient  to  cause  the  low-viscosity  molten  glass  layer  to  flow 
away  from  the  stagnation  region  leaving  it  unshielded  from  the  test  stream. 
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This  behavior  is  illustrated  in  figure  ik,  which  shows  that  the  siliceous  layer 
covering  the  surface  is  very  thin;  also  evident  is  the  layer  which  melted  and 
flowed  to  the  outer  edge  of  the  specimen  during  exposure. 

Figures  I5  to  I7  present  photographs  representative  of  the  silicone- resin 
specimens  investigated.  It  is  evident  from  an  examination  of  the  remains  after 
exposure  at  a  high  heating  rate  and  a  high  shear  stress  in  nitrogen  (fig.  I5) 
and  in  oxidizing  environments^  where  there  was  essentially  no  material  remaining 
to  photography  that  low-density  silicone  resin  is  sensitive  to  the  combined 
effects  of  shear  and  oxidation.  Figures  I6  and  I7  show  little  effects  of  shear 
or  oxidation;  in  facty  because  of  swelling  of  the  material  when  heatedy  all 
specimens  were  thicker  after  exposurey  except  those  subjected  to  a  high  heating 
rate  in  a  high-mass- flow  stream. 

The  surface  of  silicone-resin  specimens  is  covered  with  a  siliceous  layer 
after  exposure.  The  thickness  of  this  layer  is  dependent  upon  the  surface  tem¬ 
perature  and  the  shear  stress  acting  on  the  specimen  during  exposure.  As  shown 
in  figures  I5  to  I7  there  is  no  tendency  for  silicone  resin  to  lose  its  char; 
in  facty  the  remains  of  these  specimens  are  quite  rugged. 

Figure  I8  s-ummarizes  the  results  for  low-density  phenolic- nylon  and  low- 
density  silicone  resin  investigated  in  a  stream  with  an  oxygen  concentration 
of  3  percent.  Note  that  the  performance  of  silicone  resin  is  superior  to  that 
of  phenolic- nylon  for  heating  rates  in  the  range  of  80  to  I50  Btu/ft^-sec 
(0.91  to  1.70  MW/m^)  and  for  shear  stresses  near  4.7  Ib/ft^  (225  N/m^),  whereas 
phenolic- nylon  is  the  better  performer  under  other  conditions  investigated. 


CONCLUSIONS 


An  investigation  of  the  effect  of  some  environmental  parameters  on  the 
relative  performance  of  low-density  silicone  resin  and  low-density  phenolic- 
nylon  made  in  the  2500-kilowatt  arc  jet  at  the  Langley  Research  Center  has 
resulted  in  the  following  conclusions: 

1.  In  the  2500-kilowatt  jet  stream  of  low  oxygen  contenty  the  performance 
of  low-density  silicone  resin  is  superior  to  that  of  low-density  phenolic -nylon 
at  heating  rates  ranging  from  80  to  I50  Btu/ft^-sec  (0.9I  to  I.70  and  at 

shear  stresses  near  4.7  Ib/ft^  (225  N/m^);  however,  phenolic- nylon  is  superior 
to  silicone  resin  in  a  low- oxygen- content  stream  at  heating  rates  outside  this 
range. 


2.  Low-density  silicone  resin  is  highly  sensitive  to  the  combined  effects 
of  surface  temperature  and  aerodynamic  shear;  thus,  a  drastic  reduction  in  per¬ 
formance  occurs  for  heating  rates  above  I50  Btu/ft^-sec  (I.70  MW/m2).  However, 
increasing  the  heating  rate  up  to  242  Btu/ft^-sec  (2.75  MW/m^)  and  the  shear 
stress  up  to  7-2  Ib/ft^  (344  N/m2)^  which  was  the  most  severe  condition  obtained, 
resxilted  in  a  continuing  increase  in  the  performance  of  phenolic-nylon. 
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5.  Low-density  phenolic- nylon  is  highly  sensitive  to  oxygen  in  the  Jet 
stream  at  all  heating  rates  investigated,  whereas  low-density  silicone  resin 
is  not  affected  by  this  factor  except,  possibly,  at  heating  rates  above 

150  Btu/ft^-sec  (1.70  MW/m^). 


Langley  Research  Center, 

National  Aeronautics  and  Space  Administration, 

Langley  Station,  Eempton,  Va*,  September  I964. 
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APPENDIX  A 


CONVERSION  OF  U.S.  CUSTOMARY  UNITS  TO  SI  UNITS 


The  International  System  of  Units,  abbreviated  SI  (Systeme  International), 
■was  adopted  in  i960  by  the  Eleventh  General  Conference  on  Weights  and  Measures 
held  in  Paris,  France.  Conversion  factors  required  for  units  used  herein  are 
given  in  the  following  table: 


Physical  quantity 

U.S.  customary 
unit 

Conversion 

factor 

{*) 

SI  unit 

Aerodynamic  shear  stress  . 

lb/ft2 

kJ.QB 

N/m^ 

Coefficient  of  heat  transfer  .  .  . 

Btu/ft^-sec-^R 

2.6k  X  10^ 

w/m2_OK 

Density  . . . 

lb/ft3 

16.02 

kg/m5 

Dynamic  pressure  . 

lb/ft2 

1+7.88 

N/m2 

Enthalpy  . 

Btu/lb 

2.32  X  lo3 

j/kg 

Heat-transfer  rate  . 

Btu/ft^-sec 

1.135  X  10^ 

ro 

Length  . 

r  ft 

0.301+8 

m 

V  in. 

O.025I+ 

m 

Mass  distribution  ........ 

Ib/ft2 

1+.88 

kg/m^ 

Mass  flov  per  unit  area  . 

Ib/ft^-sec 

I+.85 

kg/m^-s 

Specific  heat  . 

Btu/lb-°R 

I+.18  X  lo5 

j/kg-OK 

Temperature  . 

Op 

|(°F  +  i+60) 

Temperature  rise  . 

°F 

0.556 

°K 

Thermal  effectiveness  . 

Btu/lb 

2.32  X  io5 

j/hg 

Velocity  . 

ft /sec 

0.305 

m/s 

■X- 

Multiply  value  given  in  U.S.  customary  unit  by  conversion  factor  to 
obtain  equivalent  value  in  SI  unit. 


Prefixes  to  indicate  multiples  of  units  are: 


Prefix 

Multiple 

mega  (m) 

106 

centi  (c) 

10-2 

milli  (m) 

H 

0 

1 
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APPEHDIX  B 


COMPUTATION  OF  SHEAR  FORCES  ON  A  FLAT-FACED  SPECIMEN 


EXPOSED  TO  A  HIGH-ENERGY  STREAM 


Heat  flow  throu^  the  boundary  layer  is  given  by  the  Fourier  equation  as 


Shear  stress  is  given  by 


4  =  h(T„  -  Tw) 


T  =  Cj-P^ 


The  Stanton  number  is  defined  as  (ref.  5) 


^St  = 


2(Npr)^'^^  %ooPco^“ 


From  equations  (l)^  (2),  and  (5) 


^^OoPqq^OoC^CXD  “ 


However^ 


Tlierefore^ 


"  ^w)  “  ^DO  “ 


Poo^oo  ^ 


(  \2/3  . 

(w/a)(h;„  -  Hv) 


The  Prandtl  niimber  is  assumed  to  be  constant  and  equal  to  O.7  ^*0^  the  range 
of  conditions  investigated;  hence 

,  .  (b8) 

(w/a)(Bco  -  Hv,) 

Values  of  shear  stress  obtained  from  this  equation  are  considered  represent¬ 
ative  of  the  msiximum  levels  of  shear  acting  on  the  specimens  at  the  outer  edge. 
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TABLE  I.-  SUMMARY  C3F  RESULTS  FOR  LCW-DERSITY  PHENOLIC-NYLON 


15 


^’Specimen  damaged  before  post  exposure  data  taken. 

LNo  spectrograph! c  data  available  for  12-lnch  test  stream. 
CTest  ended  after  1260  seconds  (AT  =  2l+10  F  (15^°  K)). 


TABLE  I.-  SUMMARY  OF  RESULTS  FOR  LOW-DENSITY  PHENOLIC-NYLON  -  Concluded 
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^Specimen  damaged  before  postexposure  data  taken. 

%o  spectrograph! c  data  available  for  30.48- centimeter  stream, 
^est  ended  after  1260  seconds  (i^  =  24l°  F  (134°  K)). 


TABLE  II.-  SUMMARY  OF  RESULTS  FOR  LOW-DENSITY  SILICONE  RESIN 
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Specimen  damaged  before  postexposure  data  taken. 

'No  spectrographic  data  available  for  12- inch  test  stream. 
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'Specimen  damaged  before  postexposure  data  taken, 

No  spectrographic  data  available  for  30 ,48- centimeter  test  stream 


Water-cooled 

sting 


Specimen 


Calorimeter 


Figure  1.-  The  2500-kilo'watt  arc  Jet  at  Langley  Research  Center 


(a)  Specimen  12;  C  =  0  percent. 


(b)  Specimen  5;  C  =  3  percent. 


l-64-8318 


Figure  7.-  Lov-density  phenolic- nylon  exposed  to  nominad  heating  rate  of  90  Btu/ft^-sec 
(1.02  MW/m^)  with  W/A  =  I6  Ib/ft^-sec  (78  kg/m^-sec). 


(c)  Specimen  2^;  C  =  23  percent.  L-64-852] 

Lov-density  phenolic -nylon  exposed  to  nominal  heating  rate  of  66  Btu/ft^-sec 
(0.75  MW/m2)  vith  ^/a  =  1.8  Ib/ft^-sec  (8.7  kg/m^-sec). 


(b)  Specimen  27;  C  =  11  percent.  L-64-^ 

Lov-density  phenol! c-XDylon  exposed  to  nominal  heating  rate  of  k-2  Btu/ft 
(0.48MW/m2)  vith  w/A  =  1.8  Ib/ft^-sec  (8.7  kg/m^-sec). 


L-6k-8323 

Figure  l4.-  Low-density  silicone  resin  exposed  to  a  heating  rate  of  l60  Btu/ft^-sec 
(1.82  MW/m2)  with  W/A  =  16  Ih/ft^-sec  (78  kg/m2-sec).  Specimen  k3)  C  =  3  percent. 


52 


(c)  Specimen  39;  C  =  11  percent.  L-64-8523 

Low-density  silicone  resin  exposed  to  nominal  heating  rate  of  100  Btu/ft^-sec 
(1.13  MW/m^)  with  W/A  =  I6  Ib/ft^-sec  (78  kg/m^-sec). 


(b)  Specimen  53;  C  =  23  percent. 


L-6i^-8526 

Figure  I7.-  Low-density  silicone  resin  exposed  to  nominal  heating  rate  of  66  Btu/ft^-sec 
(0.75  IW/m2)  with  W/A  =  1.8  Ib/ft^-sec  (8.7  Itg/m^-sec). 


